Calibration Report: Pyranometer

F. M. Denn
Andyticd Services & Materids, Inc., Hampton, Virginia
Document date 2006 July

Cdlibration date: 2006 June.
Next cdibration: 2007 December.

Four radiometers were calibrated at the Chesapeake Ocean Vdidaion (COVE) ste. Theresults
of these Cdlibrations are included in this box. Earlier cdibrations appear below in the
CALIBRATION HISTORIES section. The cdlibration reference standard used, for the most
recent data, was the Eppley Laboratories Inc. cavity radiometer AHF-31105. The unit of the
sengitivity factors, S, are mV/(W/nf). The sensitivity factors and their associated uncertainties
(95%) are asfollows:

Sensor S (MV/(WInd)) + U95% Method
CM22-000025 922 + 1.6% rative
CM31-990004 12.15 + 15% rdative
CM31-990005 11.89 + 1.1% shade/unshade
CM31-000507 11.70 + 0.54% shade/unshade

Application
| = (nMV output)/S £ sort(2)* U95%

Where: | = the irradiance measured by the pyranometer
(mV output) = microvolt output of the pyranometer
S=cdlibration coefficient of the pyranometer
U95% = the 95 % confidence level

Recommendation

It is Not necessary to change calibration values in the COVE data base at thistime.




INTRODUCTION

The following sections contain, a brief executive summary, a set of figures, a summary of past
cdibrations, and a description of the calibration process.

EXECUTIVE SUMMARY
REFERENCE STANDARD.

The reference pyrheliometer was the Eppley Laboratories Inc. Absolute Cavity Radiometer
(ACR) szrid number AHF-31105 with its associated Agilent 34970A control unit.

TEST INSTRUMENTATION.

The four test pyranometers were CM 31-990005 and CM 22-000025, calibrated using the
shade/unshade method and CM 31-990004 and CM 22-000025 cdibrated with arelative
comparison method. All pyranometers were wired for differential measurements.

FIGURES.

Figure one displays the cavity measured irradiance for May 10, and separately shaded and
unshaded data for atext pyranometer. Figures 2a and 2b show the cdibration vaues obtained
for two test pyranometers calibrated using the shade/unshade method, the cdibration vaues are
grouped by cavity run number. Figures 3aand 3b show the cdibration va ues obtained for two
test pyranometers calibrated using the relative method. Figures4, 5, 6, and 7 display the
cdibration higtorys Kipp and Zonen pyranometers serid numbers CM22-000025, CM 31-
990004, CM 31-990005, and CM 31-000507 respectively.
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Figurel. Calibration measurementsfor pyranometer CM 31-990005 ar e presented.
Cavity, global pyranometer, and diffuse pyranometer measur ements ar e presented
separately. The diffuse measurements have been interpolated over their missing data
periods. Thedatafor CM 31-000507 would be similar.
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Figure 2a. Grouped shade/unshade calibration data are shown for pyranometer

CM 31-990005. The mean and standard deviation of the grouped data are also shown.
Data date May 10, 2006.
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Figure 2b. Grouped shade/unshade calibration data are shown for pyranometer
CM 31-000507. The mean and standard deviation of the grouped data ar e also shown.
Data date May 10, 2006.



Pyranometer Calibration Plot
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Figure 3a. Grouped relative calibration data are shown for pyranometer CM 22-

000025. The mean, standard deviation, and U95 are also displayed. Data dates M ay
12-15 and 17 of 2006.
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Figure 3b. Grouped relative calibration data are shown for pyranometer CM 31-
990004. The mean, standard deviation, and U95 are also displayed. Data datesM ay
12-15 and 17 of 2006.



Calibration History
Pyranometer sn. CM22-000025
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Figure4. Calibration history for pyranometer CM 22-000025 is presented. The solid
horizontal line represents the mean value. The symbolsand their error barsrepresent
the mean and U95 of each calibration event. The column on theright presents
numerical valuesfor each calibration event and a brief description of the calibration

method used.



Calibration History
Pyranometer sn. CM31-990004
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Figureb. Calibration history for pyranometer CM 31-990004 is presented. The solid
horizontal linerepresentsthe mean value. The symbolsand their error barsrepresent
the mean and U95 of each calibration event. The column on theright presents
numerical valuesfor each calibration event and a brief description of the calibration
method used.



Calibration History
Pyranometer sn. CM31-390005

13.0p- O 1 1: cal1B70 Wit 2, KIS 050 %
Owigianal Calbnalion

Ol 11 11 cale?1.750 moWm 2, LSz 075 %
Fargan aharnase

P00 11 28: cak11.BS0 moWAT 2, L= 056 %
Forgan ahernate

SR B 2 cakelT B0 e 2, L85= 107
Fuorgean ahsiaie

bupoos 4 3 cals11 B30 meWim™2, LIBS= 147 %
Forgan ahernate

=
Lhn
T

[42004 7 14: cab=11.860 mv\arm™32, LKb- 088 %
shadeiunshada

I Di200s 6 15 cake11.870 meWim*™2, LB5=070%

12.0F - T gradeiynshate

Calibration Factor, my/W/m™2

L mean 1 % ¥ % ..? ? a0l 5 Al g;;;lﬁl’}:lr::‘;u."m“?. LEiSs .00 5%
1.5
L7 T — 1T
Calibration Epoch, year
gﬁ:lt‘;i'lﬂiﬁ:ﬁdw

T e St SR Cakbubona PSP i-edoey FEP

Figure 6. Calibration history for pyranometer CM 31-990005 is presented. The solid
horizontal line representsthe mean value. The symbolsand their error barsrepresent
the mean and U95 of each calibration event. The column on theright presents
numerical valuesfor each calibration event and a brief description of the calibration
method used.



Calibration History
Pyranometer sn. CM31-000507
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Figure7. Calibration history for pyranometer CM 31-000507 is presented. The solid
horizontal linerepresentsthe mean value. The symbolsand their error barsrepresent
the mean and U95 of each calibration event. The column on theright presents
numerical valuesfor each calibration event and a brief description of the calibration

method used.



CALIBRATION HISTORIES
(doy = day of year)

Pyranometer: Kipp and Zonen CM22-000024

date doy S(mV/Win?) U95 (%) cdibration type

2003 Apr 03 093 9.19 1.16 Forgan's dternate
2001Jun18 169 9.214 1.013 Forgan's dternate
2000 0ct 01 275 9.16 5.00 manufacturers origina

Pyranometer: Kipp and Zonen CM22-000025

date doy S(mV/Win?) U95 (%) cdibration type

2006 May 17 137 9.22 1.6 reldive

2003 Apr 03 093 9.29 1.06 Forgan's dternate
20000ct 01 275 9.18 5.00 manufacturers origina

Pyranometer: Kipp and Zonen CM22-000030

date doy  S(mV/Win?) U95 (%) cdibration type
2001 un 18 169 8.40 1.316 Forgan's dternate
2000 Jan 01 001 8.40 5.00 manufacturers origina

Pyranometer: Kipp and Zonen CM31-990004

date doy  S(mV/Win?) U95 (%) cdibration type

2006 May 17 137 12.15 15 reldive

2005Jdune 15 165 12.23 0.99 relaive

2004 Jul 15 197 12.22 0.90 relative

2003 Apr03 093 12.18 0.92 Forgan's dternate
2002Mar31 90 12.26 1.8 | ntercomparison (do not use)
2001 Aug02 214 12.130 1.2 Forgan's dternate

2000 Nov 28 333 12132 0.88 Forgan's dternate

1999 Nov 11 315 12.133 0.74 Forgan's alternae

1999 Jan01 001 11.94 5.00 manufacturers origina



Pyranometer: Kipp and Zonen CM 31-990005

date doy S(mV/Win?) U95 (%) cdibration type

2006 May 10 130 11.90 11 shade/unshade
2005dune 15 165 11.87 0.78 shade/unshade

2004 ul 15 197 11.86 0.85 shade/unshade

2003 Apr03 093 11.83 15 Forgan's dternate
2001 Aug02 214 11.813 11 Forgan's dternate
2000 Nov 28 333 11.852 0.96 Forgan's dternate
1999 Nov 11 315 11.748 0.75 Forgan's dternate
1999 Jan01 001 11.67 5.00 manufacturers origina

Pyranometer: Kipp and Zonen CM 31-000506

date doy  S(mV/Winy) U95 (%) cdibration type
2003 Apr03 093 11.67 164 Forgan's dternate
2000Sep 01 245 11.68 5.00 manufacturers origina

Pyranometer: Kipp and Zonen CM31-000507

date doy  S(mV/Win?) U95 (%) cdibration type

2006 May 10 130 11.70 0.54 shade/unshade

2004 03 197 11.79 0.74 shade/unshade

2003 Apr03 093 11.72 0.83 Forgan's dternate
2001Jun18 169 11.769 0.74 Forgan’s dternate
2000Jan01 001 11.70 5.00 manufacturers origina

Pyranometer: Kipp and Zonen CM 31-000508

date doy  S(mV/Winv) U95 (%) cdibration type

2004 Jul 03 197 11.86 0.91 reldive

2003 Apr03 093 11.78 19 Forgan's dternate
2002Mar31 90 12.08 1.63 intercomparison (do not use)
2001 Aug02 214 11.59 1.63 intercomparison' (do not use)
2001Jun18 169 11.866 0.932 Forgan's dternate

2000Jan01 001 11.81 5.00 manufacturers origina



Pyranometer: Eppley PSP-29472F3

date

2003 Apr 03
2002 Mar 31
2001 Jun 18
1999 Feb 12
1998 Jun 03
1993 Apr 16

doy
093
090
169
043
154
106

S (MV/Winr)
8.53
8.52
8.57
8.49
8.68
8.76

Pyranometer: Eppley PSP-30676F3

date

1999 Feb 12
1998 Jun 03
1995 Jun 16

doy
043
154
167

S (MV/Winr)
8.49
8.66
8.74

Pyranometer: Eppley PSP-30798F3

date

1999 Feb 12
1998 Jun 03
1995 Aug 07

doy
043
154
219

S (MV/WI)
8.45
8.82
9.01

Pyranometer: Eppley PSP-30803F3

date

1999 Feb 12
1998 Jun 03
1996 Jul 23
1995 Aug 07

doy
043
154
205
219

S (MV/WInr)
9.26

9.55

9.362

9.46

Pyranometer: Eppley PSP-30806F3

date

2003 Apr 03
2002 Mar 31
2001 Jun 18
1999 Feb 12
1998 Jun 03
1995 Aug 07

doy
093
090
169
043
154
219

S (MV/Winr)
8.70
8.76
8.95
8.72
9.07
9.22

U95 (%)
1.80
2.95
2.63
451
1.22
5.00

U95 (%)
2.98
1.06
5.00

U95 (%)
5.23
1.28
5.00

U95 (%)
4.35
1.17
3.2
5.00

U95 (%)
2.92
1.81
1.22
5.47
0.90
5.00

cdibration type

Forgan's dternate
intercomparison (do not use)
Forgan's dternate

Forgan's dternate

Forgan's dternate
manufacturers origina

cdibration type
Forgan's dternate
Forgan's dternate
manufacturers origind

cdibration type
Forgan's dternate
Forgan' s dternate
manufacturers origina

cdibration type
Forgan's dternate
Forgan's dternate
BORCAL
manufacturers origina

cdibration type

Forgan’s dternate

| ntercomparison (do not use)
Forgan’s dternate

Forgan's dternate

Forgan’s dternate
manufacturers origina



Pyranometer: Eppley PSP-30847F3
date doy S(mV/Winv)
1999 Sep 24 267 8.37

1999 Feb12 043 875
1998un03 154 8.80

1995 Aug07 219 8.96

Pyranometer: Eppley PSP-30851F3
Date doy  S(mV/Winv)
199 Feb12 043 837

1998 Jun03 154 848

1996 Jul 23 205 8.257

1995 Aug07 219 9.68

Pyranometer: Eppley PSP-31560F3
date doy  S(mV/Winv)
1999 Sep24 267 8.85

1999 Feb12 043 9.23

1998 un03 154 9.53

1997 May 05 125 9.51

Pyranometer: Eppley PSP-31561F3
date doy  S(mV/Winv)
199 Feb12 043 842
1997 May 05 125 8.52

Pyranometer: Eppley PSP-33028F3
date doy  S(mv/Wint)
2003 Apr03 093 853

2000 ul 01 183 8.65

U95 (%)
3.24
3.14
1.19
5.00

U95 (%)
1.61
0.93
3.3
5.00

U95 (%)
9.07
4.20
0.98
5.00

U95 (%)
1.84
5.00

U95 (%)
1.01
5.00

cdibration type
Forgan's dternate
Forgan's dternate
Forgan's dternate
manufacturers origind

cdibration type
Forgan's dternate
Forgan's dternate
BORCAL
manufacturers origina

cdibration type

Forgan’ s aternate (poor)
Forgan's dternate
Forgan' s dternate
manufacturers origina

cdibration type
Forgan's dternate
manufacturers origina

cdibration type
Forgan’s dternate
manufacturers origind

1) The Pyranometer was mounted as aglobal sensor. An intercomparison with the COVE
derived globd irradiance was performed. The uncertainty was determined using the root sum
square method and previoudy determined uncertainties for the 3 sensors, COVE direct,
COVE diffuse, and the sensor being analyzed (CM31-000508).



ABSTRACT

Data have been collected for the purpose of cdibrating pyranometers. The current data sets
were collected at the CERES Ocean Vdidation Experiment (COVE) ste. COVE islocated at
the Chesgpeske Light Station gpproximately 25 km esst of Virginia Beach, Virginia
Pyranometers included are those which measure globa and diffuse downwdling shortwave
radiation. In the padt, cdibration data have been collected aa COVE, NASA Langley in
Hampton Virginia, and Mauna Loa Observatory Hawaii. These higtoricad data are used to
cregte atime history of cdibration coefficients. The radiometric reference used for the current
cdibration measurements was the Eppley Laboratory Inc. absolute cavity radiometer serid
number AHF-31105. During past cdibration everts the absolute cavity AHF-31041 has dso
been used. For more information about the cavity radiometers see the Absolute Cavity
Radiometer cdibration entries onthe COVE web ste. An uncertainty andyssis preformed and
induded with the pyranometer cadibrations. During this cdibration sesson data were collected
for the pyranometers listed in the box a the beginning of the document.  These cdlibration
vaues are traceable to the World Radiometric Reference (WRR), a the Physkdisch
M eteorol ogisches Observatorium in Davos, Switzerland.

DISCUSSION
REFERENCE STANDARD.

The reference pyrheliometer was the Eppley Laboratories Inc. Absolute Cavity Radiometer
(ACR) serid number AHF-31105 with its associated Agilent 34970A control unit. The NASA
Langley owned Eppley Laboratories Inc Absolute cavity radiometers AHF-31041 and AHF-
31105 can be traced to the World Radiation Reference (WRR). Direct linkage was obtained at
the ninth and tenth Internationd Pyrhdliometer Comparisons (IPC-1X and IPC-X) in October of
2000 and 2005 respectively. Other years garting in 1997 they were linked to the WRR
through the Nationa Standard Group (NSG) at the Nationa Renewable Energy Laboratoriesin
Golden, Colorado. The NSG is dso linked to the WRR at the IPCs. The WRR is an average
of the World Standard Group (WSG) of pyrhdiometers which is kept a the Physkalisch
Meteorologisches Observatorium in Davos, Switzerland. The uncertainty of the WSG is 0.3%
(U95% with respect to Sl units). After each cavity intercomparison is completed, new WRR
correction vaues and their U95 uncertainties, with respect to S, are determined for each
participant cavity. The raw irradiances as measured by agiven ACR are multiplied by itsWRR
correction value to get the find ACR determined direct beam irradiance values. Seethe cavity
cdibration documents for greeter detail.

The Agilent 34970As, used as cavity controllers, contain the following 3 optiona boards:
34901A 20 channd multiplexer; 34904A matrix switch; and a 34907A multi function nodule.
It is operated with a Windows computer using a LabView based program supplied by Ibrahim
Reda of The Nationa Renewable Energy Laboratory (NREL) located in Golden Colorado.



SHADE/UNSHADE METHOD, CONFIGURATION AND METHODOLOGY.

The pyranometers, cdibrated using the shade/unshade, are those ordinarily used to measure
diffuseirradiance. All pyranometers remain in their origind postions. The only exception would
be if the normally downlooking pyranometer isto be cdibrated. In that case it would be moved
to an uplooking globa postion. The nut on the lowest link of the shading bal sysem is
removed. This dlows the normaly diffuse pyranometers to be operated dternately in the diffuse
and globad mode. The ACR is mounted on a tracker and digned with the sun. Pyranometer
measurements, in millivolts are recorded by Campbel Scientific Inc. modd 23x data loggers.
The data logger programs are modified to store 1 HZ data. All pyranometers are leveled using
the manufacturer ingtaled bubble level (+/- 1°). The desiccant in each sensor was checked and

replaced as necessary.

During a cdibration sesson the following process is repeated as long as sky conditions permit.
The ACR sdf cdlibration process is performed, this takes about 3 minutes. The program isthen
ingtructed to take 200 measurements, one every 4 seconds, this is consdered to be a run.
(Before January 2006, arun conssted of 300 measurements taken at intervals of 3-4 seconds).
During a run the pyranometers are operated aternately in the shaded (diffuse) configuration and
then in the unshaded (globa) configuration for periods of about 3 minutes each. This is
accomplished by rotating the shading bals towards the tracker until they rest on the long arms
attached to the zenith axes of the tracker. A run isabout 20 minutes.

SHADE/UNSHADE METHOD, DATA ANALYSIS.

In the shade/unshade method, the data collected from a pyranometer during shaded and
unshaded periods is separated into globa and diffuse components. The missing periods of the
diffuse component are filled in, in this case by linear interpolation. The difference in millivolts
between the interpolated shaded values and the measured global vaues is determined for each
globa vdue. The pyranometer and ACR points are matched to the closest second. A’ WRR
adjusted horizontal component of the direct beam irradiance, in watts/meter** 2, is calculated
for eech ACR measurement. Thisis accomplished by multiplying the ACR measured irradiance
by the codne of the solar zenith angle at the time of the measurement. The cdibration
coeffident, for each second of matching data, is then determined by dividing the pyranometer
millivolt reeding by the appropriate ACR determined horizonta irradiance. The resulting data
are edited to remove periods of unacceptable sky conditions. For arun to be consdered vdid
75% of the maximum number of points are required. A mean and sandard deviation are
determined for each run. These run vaues and standard deviations are then used to cdculate a
cdibration event mean and standard deviation. Idedly a cdibration event would consst of at
least 3 non-identica clear sky days during which measurements are taken. This makes the
cdibration vaue more representative of an ‘average’ day. Due to poor Site access this is
generdly not possible. The 3 or 4 most recent cdibration measurement events during the past



year are used to obtain afind cdibration vaue. For one pyranometer CM 31-000507 only data
obtained on 2006 May 10 was available. The cdlibration event mean is the mean of the run
vaues. A dandard deviaion of these means is then cdculated, as well as the mean of the
individua standard deviations. These two standard deviations are converted into U95 vaues by
multiplying them by 2.0 and used in the uncertainty andysis below. The Find reault is then
converted to microvolt/(W/m**2).

SHADE/UNSHADE, UNCERTAINTY ANALYSIS.

The uncertainties presented here are the U95 vaues. A measured vaue with its U95 uncertainty
has a 95% probaility of including the ‘true value'. The U95 uncertainty is twice the sandard
deviation. Four uncertainties are used there to determine a resultant uncertainty they are, 1)
reference standard uncertainty, 2) mean of the uncertanty of the individud daa points, 3)
uncertainty of the mean of the daa points and, 4) data logger uncertainty. The cavity
uncertainty determined at the 2004 Nationa Pyrhdiometer Comparison at NREL was 0.34%.
The find uncertainty is taken to be the root sum sgquare of the components. The measured
uncertainty is twice the root sum sguare of the mean of the standard deviations of the individua
cdibration vaues with the with the standard deviation of

U95totai = Sqrt( (U95reference)2 + (U95mean)2 + (U958D5)2 + (U95Iogger)2)

Where:

U995y isthetotd U5 for the test pyranometer.

U995 ¢eence 1Sthe U5 of the reference with respect to the WRR

U95men 1Sthe U5 of the test pyranometers mean

U954ps isthe U95 of the mean of the standard deviations of the calibration points.
U95,0g0e i the expected U95 of the of the test pyranometer data logger (0.2%).



Relative M easur ement M ethod.
RELATIVE METHOD, CONFIGURATION AND METHODOLOGY.

Due to a tracker mdfunction clear sky globa data is avalable from the normdly diffuse
pyranometer CM31-990005 for May 12-15 and 17 of 2006. This Globa data is used to
transfer the calibration from CM31-990005 to the globa pyranometers CM22-000025 and
CM31-990004. The millivolt outputs of the pyranometers were measured at 1 HZ and one
minute means and standard deviations determined. This is the sandard COVE data available
from the COVE site data base web interface.

RELATIVE METHOD, DATA ANALYSIS.

In the relative comparison method, the globa pyranometer measurements obtained by a
normaly diffuse pyranometer (reference pyranometer) are compared to the standard global
pyranometers (test pyranometers) measurements. Clear sky data is sdlected from the available
data. The data is then divided in to 20 minute intervals, beginning a the beginning of an hour.
Each 20 minute interva is consdered to be arun. This time period was chosen because it is
gmilar in length to a cavity run. For each run 75% of the data must be present (15
measurements) or the group is rejected. For each data point within a group the irradiance
determined by the reference pyranometer is determined. The calibraion vaue of the test
pyranometer is then datermined by dividing the millivolt output of the test pyranometer by the
irradiance of the reference pyranometer. For each group a mean and standard deviation are
then determined. The mean of the group means and the standard deviation of the group means is
then determined. This mean is taken as the cdlibration vadue. The find results are presented in
terms of microvolts/(WattsyMeter** 2).

Uncertainty Andyss, Rdative Method.

The three principal components of uncertainty used in this andyds are; 1) the mean of the
standard deviations of the individua groups, 2) the standard deviation of the individua group
means and; 3) the U95 uncertainty of the reference pyranometer. The two standard deviations
are placed in terms of U95 by multiplying them by 2.0. Thetotal U95 is then determined by the
root sum sgq method.

U9 = SArt( (U9 reerence)” + (U9mean)” + (U953)?)

Where:

U9 isthetota U95 for the test pyranometer.

U9 erence 1S the U95 of the reference with respect to the WRR

U95men iSthe U95 of the group mean of the test pyranometer senstivities.
U955y isthe mean of the group U95 vaues.



Summary

Cdibration of pyranometers has been completed. A set of cdibration coefficients dong with
their associated U95 uncertainties have been determined. These vaues for each pyranometer
are displayed a the beginning of this document. Higtorica cdibration vaues are included for
each pyranometer in the body of the document.
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